Banksia goodii (rare and endangered) and B. gardneri var. gardneri (widespread) are closely-related rhizomatous evergreen sub-shrubs of southwestern Australian scrub-heath and woodland. They have 17 and 177 known populations, respectively, mostly small remnants due to landscape fragmentation from agricultural activities. Bioclimatic profiles developed using BIOCLIM indicate that B. gardneri tolerates a wider range of climatic conditions than B. goodii, which has a very narrow predicted range. These results do not match what one would predict from their comparative biology. Specifically, their post-fire survival and resprouting vigour, rates of seedling growth and soil penetration, and susceptibility to seedling predators are similar. A field trial established along a steep climatic gradient of growing season length, showed that both species could extend their ranges beyond the distributions predicted by BIOCLIM, especially B. goodii. Seedlings of both species survived for at least 8 years at sites with two (but not three) months shorter and one month longer growing season than experienced by natural B. goodii populations. The rarity of B. goodii is a result of its recent origin, dispersal limitation, possibly habitat specialization (dense woodland), and the impacts of habitat degradation and fragmentation within its current range. Under these circumstances, it is highly improbable that any sort of bioclimatic modelling could predict its potential climatic envelope. A stage-based model of B. goodii shows that under natural conditions the species is stable because of extremely low natural adult mortality (indeed, undetected), but plant losses due to human interference cannot be compensated due to its low levels of sexual reproduction. Population growth of B. goodii, and its potential for recovery, depends on population size and survival of seedlings and juveniles. Reproductive output per adult increases with population size, with populations of < 8 plants being sterile. Conservation management should target these factors as well as prevent the destruction of existing adults through additional land clearing or other threatening processes. Thus, habitat degradation, fragmentation and loss are likely to have a greater influence than any predicted global
INTRODUCTION
Global environmental change is occurring at an unprecedented rate (Vitousek 1994) . With current levels of increase, CO 2 is expected to double preindustrial concentrations by 2200 and result in a predicted increase in mean global surface air temperature of 2°C (range 0.9-3.5°C) by 2100 (Vitousek 1994) . There is also an anticipated increase in the intensity of the hydrological cycle, with an increasing frequency of severe floods and droughts. This unprecedented rate of climate change begs the questions of whether plant species will be 'resilient' to this change, what functional characteristics are associated with species that might persist, and can these be predicted.
Species ranges have expanded/contracted during interglacial/glacial periods and moved polar-wards/equatorially (Clark et al. 1998) . However, can species track current rapid climatic changes and remain within areas which match their bioclimatic niches? There are few direct tests of species range extension within natural habitats. The success of introduced species throughout the globe indicates that many, probably most, species are not present in all suitable habitats. While physical barriers to dispersal prevent them from occurring in distant but otherwise suitable areas, it is unknown whether plant species can extend their climatic ranges per se. Clearly they do extend their ranges over evolutionary time, but at a rate too slow to match the speed of present climate change. In general, alien plants on new continents occur within their native climatic ranges (Drake et al. 1989, and references therein) .
At the regional (biome) and global scales, climate defines the broad limits to the distribution of plant taxa and the dominance of plant life forms (e.g. Rutherford and Westfall 1986; Woodward and Williams 1987) . Bioclimatic modelling has been used to determine the influence of particular climatic variables on the distribution of species, vegetation types and biomes (Busby 1986; Hill et al. 1988; Eeley et al. 1999) . Recognizing the dynamic nature of species distributions from the past to the present, and understanding the present-day climatic limits of species, allows for the exploration of how distributional patterns might change in response to climatic change (Busby 1988; Huntley 1995) . This will aid in the development of strategies for long-term management and conservation of species.
The South-West Botanical Province of Western Australia (SWBP; Beard 1980 ) is a mediterranean climate region renowned for its floristic richness (Hopper 1979; Lamont et al. 1984) , and is a recognized hotspot for floristic diversity (Hopper and Gioia 2004) . SWBP also has the highest concentration of declared rare flora in Australia, and it is estimated that Western Australia has the highest rates of plant extinction and endangerment of all Mediterranean climate regions (Greuter 1994) . Banksia, a pan-Australian genus, has been described as 'the most characteristic genus' of the SWBP (Speck 1958) , where it may dominate vegetation on the poorest soils. Climate, most notably rainfall, has changed in this region in recent times. Pittock (1988) noted that there has been a mean 3-5% drop in rainfall per decade over the preceding 70 years in SW Australia. Clearing for agriculture is a likely contributory cause to this. If this trend continues over the next 50 years (a drop in rainfall of 20%), there will be a dramatic decline in the population size of some species (Burgman and Lamont 1992) . Modelling the greenhouse effect has indicated drier and warmer winters can be expected in SW Australia by 2030, although some models predict no change (Pittock 1988; Henderson-Sellers and Blarg 1989) . Extensive areas of this region have recently received less than 80% of the long-term average since 1975 in response to shifts in the synoptic weather systems influencing SW Australia . Furthermore, projected changes in the synoptic systems in response to increasing concentrations of greenhouse gases will lead to increasingly dry conditions in the twenty-first century (Hope 2006) .
The 63 Banksia species found in Western Australia are thought to be confined to the SW corner by climate. The genus cannot tolerate drought conditions corresponding to a rainfall of < 250 mm/annum (Lamont and Connell 1996; Cowling and Lamont 1998) . Within this area species composition and density vary with substrate, landscape features, climate, vegetation type and fire history. We pose the question: what is the relative importance of expected future changes in climate as a result of increased atmospheric concentrations of CO 2 and other 'greenhouse' gases, compared with other forms of human-mediated environmental change on the distribution of banksias in the SWBP? Many studies have used bioclimatic modelling to examine potential changes in the distributions of species or ecosystems/biomes in response to predicted climate change scenarios (Kadmon et al. 2003) . However, few actual field manipulations have been undertaken to determine whether a species can survive beyond its current range. This study aims to determine whether bioclimatic and population modelling can predict the actual and potential distributions of banksias under global climate change scenarios. An experimental translocation study along an extensive climatic gradient (length of growing season) was established for two Banksia species in order to determine the potential for climatic range extension. Population modelling was also undertaken to assess the effects of various factors on the long-term persistence of populations of various sizes (Dreschler et al. 1999) .
STUDY SPECIES AND AREA
Our study species were the prostrate Banksia goodii (nomenclature follows Green 1985) , a rare and endangered species restricted to 17 populations distributed between Albany and the Porongurup Range, within a small area of 38 km (N-S) by 14 km (E-W) in the woodlands of southwestern Australia (George 1981; Taylor and Hopper 1988; Witkowski and Lamont 1997) , and its more widespread and abundant close relative, B. gardneri var. gardneri (henceforth B. gardneri) (Figure 1 ). The biology of these species has been studied in detail (Lamont et al. 1993; Witkowski and Lamont 1997) . Banksia goodii is considered cladistically terminal within the section Prostratae (Thiele and Ladiges 1996) , which consists of 6 species of Banksia with a prostrate growth form (George 1981) . Its closest relative is B. gardneri, which occurs as one of three varieties, namely brevidentata, gardneri and hiemalis, each of which is more widespread than B. goodii, but only var. gardneri occasionally co-occurs with B. goodii (George 1981; Taylor and Hopper 1988) . The two study species are very similar in growth and leaf forms, floral morphology and reproductive biology, and have the same pollinators (George 1981; Taylor and Hopper 1988; Witkowski and Lamont 1997) . Reproductive potential, either sexual or vegetative, is low in both species, and they have slow rates of growth as seedlings, or resprouts after fire. Seed production by both species is lower than for many other banksias ; Witkowski and Lamont 1997) , but similar to some other resprouters (Cowling et al. 1990) . Predispersal granivory by weevils is extremely variable between populations of both species and sometimes most seeds are devoured. B. gardneri does not reproduce vegetatively, whereas B. goodii does, albeit at a slow rate (Witkowski and Lamont 1997) . B. goodii is classified as rare and endangered (Western Australian Government 1999; IUCN 2001 ).
Both species resprout after fire, with no evidence of mortality after several fires. Two field trials and one glasshouse trial consistently showed that B. gardneri has a higher germination percentage than B. goodii, which partially trades off with vegetative reproduction in B. goodii, while seed store per adult does not differ between species (Witkowski and Lamont 1997) . Both species are probably equally susceptible to the stochastic effects of (a) generalist fungal pathogens (especially Phytophthora cinnamomi and stem cankers ); (b) changes in fire season/intensity/frequency on seed store and release, and adult survival; (c) post-fire environmental conditions on seedling establishment and adult survival ; (d) granivory and seedling herbivory (Cowling et al. 1990; Witkowski et al. 1991) ; (e) land degradation due to poor pastoralism practices (habitat modification); (f) clearing for roads and agriculture (habitat fragmentation and loss); and (g) alien plant invasions.
Extensive clearing for agriculture (mainly cereals, but also sheep pasture in the study area, but cereals in other parts of SW Australia) and roads over a period of 100 years (Allison and Hobbs 2004) has fragmented the landscape of southwestern Australia. Most B. goodii populations are now only represented by remnants on roadsides, while others occur on farms, in state forest and a nature reserve. The rarity of B. goodii is a function of its small geographic range rather than scarcity within its range per se (Witkowski and Lamont 1997) , and its small geographic range appears related to its more recent origin relative to B. gardneri (Thiele and Ladiges 1996) .
The study area was centered 400 km south of Perth (35°00′S, 117°55′E) near Albany. The soils of the native banksia populations are infertile sands usually overlying laterite (Griffin et al. 1985; Witkowski and Lamont 1997) . More details on the climate, vegetation and biogeography of the whole region with respect to banksias are given in Lamont and Markey (1995) , Richardson et al. (1995) , Lamont and Connell (1996) and Witkowski and Lamont (1997) .
MATERIALS AND METHODS

Bioclimatic modelling
BIOCLIM is a bioclimatic analysis and prediction system used to predict the distribution of species (or other 'entities'; Nix 1982 Nix , 1986 Busby 1988 Busby , 1991 . BIOCLIM generates a set of variables (climatic indices) considered to have biological significance and that describe the range, extremes and seasonality of climatic conditions. These variables are interpolated across the geographical surface (at various scales on the basis of longitude, latitude and altitude). By matching the known distribution of a taxon to the variable surfaces, a statistical summary of the values of the climatic indices for that taxon is produced. This summary, referred to as a bioclimatic profile or envelope, provides a quantitative description of the climatic environment occupied by the taxon (Nix 1986 ). Points on the variable grid surfaces that match the bioclimatic profiles of the species can be identified to delimit its potential distribution (i.e. the area of suitable climatic conditions; Busby 1991; Lindenmayer et al. 1991) . The underlying assumption of most BIOCLIM analyses is that species can only colonize and survive in areas with climates fitting their current bioclimatic profiles. The model also does not consider the potential interactions between climatic variables (Nix 1986) .
Seventeen distribution records of B. goodii and 177 records of B. gardneri (longitude, latitude and altitude) were analysed using BIOCLIM, against 24 climatic variables, including various temperature and rainfall indices. The outputs comprised descriptions of the climatic profiles of each species and predicted distribution maps. In addition, the locations of the five climatic gradient translocation sites (see below) were also analysed using BIOCLIM to obtain their climatic profiles.
Seedling establishment along a steep climatic gradient
Sixty intact seeds of B. goodii and B. gardneri were planted at each of five sites, which represented a climatic gradient of growing season length. Seeds were collected from 40 serotinous cones harvested from 20 randomly selected plants from the largest and most fecund population, and hence likely to have the highest genetic diversity (Lamont et al. 1993) . Seeds were extracted from the cones by burning them until the follicles opened, mimicking the natural seed release process . Using the Prescott formula, the number of growing months can be determined from mean monthly rainfall and evaporation (Bartlett 1975) . Growing seasons of six (Katanning), seven (N. Stirling Range), eight (Mt Barker), nine (Albany) and ten (WalpoleNornalup National Park) months were chosen ( Figure 1 ). This is a steep climatic gradient of from a six-to ten-month growing season over a distance of only about 200 km. Within these areas, sites were selected with soil and other environmental conditions which, as far as possible, matched typical B. goodii sites. Three composite soil samples (0-100 mm depth) were collected per site and soil depth was determined.
In late 
Soil analyses
Soil samples were passed through a 2-mm sieve and analyzed for NO 3 , NH 4 (0.1 mol L −1 KCl extraction and Varian autoanalyzer), available P (citric acid extract and molybdenum blue spectrophotometry), total Fe and K, and exchangeable K, Ca, Mg and Na (0.1 mol L −1 ammonium acetate extraction and atomic absorption spectrometry), organic carbon (Walkley Black) and pH (1 : 5 H 2 O w/v) by CSBP and Farmers, Bayswater, Perth. Soil texture was analysed using the hydrometer method.
RESULTS
Comparison of population sizes
Comparing the numbers of populations of each species which fall into the ranges (a) 1-10, (b) 
Distribution and bioclimatic modelling
Banksia goodii has a very restricted distribution, within which many of its 17 populations are fairly disjunct, while B. gardneri is far more widespread and occupies a greater altitudinal range ( Figure 1 ; Table 1 ). Both species occur in areas with similar temperatures, but B. goodii receives higher rainfall and slightly lower temperature extremes than B. gardneri (Table 1) . Similarly, the distribution of B. gardneri predicted on the basis of its bioclimatic profile, greatly exceeded and included that of B. goodii (Figure 1a) . The predicted distribution of B. gardneri generally included its distribution records, but omitted some marginal populations in the N, and especially a block in the NE corner, but otherwise filled in the gaps between the remaining populations, and extended its current distributional limits to the S, W and E (Figure 1b) . Overall extensions to the drier N, and wetter W and S were negligible. The predicted distribution of B. goodii greatly exceeded the total area currently occupied but still omitted some marginal populations, most notably the two in the SW (Figure 1c ). There was no predicted extension to the N or S, a slight contraction in the W, and slight extension to the E.
Seedling establishment along a climatic gradient
The climatic profiles of the five translocation sites are given in Table 2 . Seedlings of both species emerged during late winter and spring at all five sites (Figure 2 15.1 ± 0.2 21.5 ± 1.4 5.6 ± 0.6 27.1 ± 0.9 10.9 ± 0.6 19.7 ± 0.4 11.5 ± 0.7 19.7 ± 0.4 623 ± 148 85 ± 26 18 ± 3 46.1 ± 4.9 238 ± 67 64 ± 11 231 ± 63 65 ± 12 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.229 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 Table 1 Position, altitude and climate profiles of the rare species, Banksia goodii, compared with its widespread closest relative, B. gardneri. Climate profiles were produced using BIOCLIM (Busby 1991 Table 2 Position, altitude, length of growing season (Prescott formula) and climate profiles for the five sites used in the climate gradient tranlocation study. CV = coefficient of variation due to herbivory, most probably by kangaroos (Macropodidae), bandicoots (Dasyuridae) and wingless grasshoppers (Acrydidae). The Albany translocation experiment was, however, repeated at two additional sites, separated by 3 km, where both species naturally occurred. Herbivory was found to be site-specific, and protection from mammals at one site resulted in high levels of seedling recruitment (Witkowski and Lamont 1997) . At the remaining sites along the climatic gradient (Stirling Ranges, Mt Barker and Walpole-Nornalup National Park), seedling survival was high and similar between species, and remained unchanged throughout 1992 and 1993. By 1993, plants at Mt Barker had shown the greatest growth. There was essentially no change to this scenario between 1993 and mid-1999, except that the Stirling Range site was accidentally cleared.
The soils of the five sites selected were similar (Table 3) , consisting of over 90% sand, with no differences in available P, NO 3 and NH 4 , or in pH and clay content. Cation concentrations tended to be higher at Albany and Mt Barker.
DISCUSSION
BIOCLIM analysis showed that B. gardneri usually occurs in areas with similar temperatures but lower rainfall than B. goodii. This is supported by the observation that B. gardneri took slightly longer than B. goodii to be eliminated from the driest site, Katanning, and had greater survival in the next driest, Stirling Range. Furthermore, for the past 20 million years, the area within which B. goodii presently occurs, has been wetter than the overall area within which B. gardneri occurs (Lamont and Markey 1995) . Greater tolerance to drought may allow B. gardneri to survive adverse conditions better than B. goodii. The creeping/prostrate growth form of both species would be disadvantageous in the wettest areas of the southwest (represented by Walpole-Nornalup National Park), where suppression by excessive litter and/or competition for light from tall woodland/forest trees would be intense. However, both species showed comparable levels of survival under both higher and lower moisture conditions than found in their current ranges. The growth of B. goodii seedlings/juveniles, for example, was vigorous at Mt Barker, 25 km north of its current range, with reduced vigour in the Stirling Range (60 km N) and at Walpole (80 km SW). Seedlings of both species establish equally fast, including rates of root penetration (an index of drought resistance among seedlings, Witkowski 1991), which were identical. However, both species may be excluded once they are overtopped by the taller trees found at the wettest site, although B. gardneri is likely to be excluded first because B. goodii always occurs in wooded areas. On the other hand, B. gardneri genotypes of populations from woody sites (e.g. those co-occurring with B. goodii) may be equally vigorous.
In the context of the present locations of B. goodii, fragmentation of the landscape means greater variation in fire frequency. Longer fire intervals result in more heavily shaded plants covered with litter, which inhibits both seed production and seedling establishment. Morphologically, the broader and only slightly lobed leaf lamina of B. goodii , plus a 32% greater leaf area (Witkowski and Lamont 1997) , makes it more suited to a shady habitat than B. gardneri.
Species climatic profile models are designed to predict potential distribution ranges, but their accuracy depends totally on using data from actual distribution ranges. Hence, it is an explicit assumption in bioclimatic modelling in predicting changes in a species range in response to expected climate change, that the present range provides an adequate description of its climatic profile or envelope (Kadmon et al. 2003) . Bioclimatic modelling predicted that B. goodii would occupy an area, similar to, or slightly less than, its actual known present distribution. Outlying populations were excluded, while a continuous distribution was produced around the 'core' of its current distribution. It is clear that when a species has a very restricted distribution, bioclimatic modelling via BIOCLIM may not totally predict its current geographic range. However, to be fair, the model fitted the distribution data fairly well, and at a fine scale factors other than climate, such as topography, soils, and moisture availability, as well as biotic factors, come into play. For B. gardneri, which occupies a greater known range than B. goodii, BIOCLIM did little more than define its current distributional boundaries, 'filling in' large areas to the W and SW but missing the NE corner (although extending potential habitats 25 km to the E).
BIOCLIM develops a 'climate surface' based on data from weather stations, and then interpolates between these point sources on the basis of latitude, longitude and altitude. Because climate stations are sparsely spread in SW Australia, the interpolated 'climate surface' may be too coarse to predict in detail the present distribution of species with narrow distributions, such as B. goodii. Nevertheless, climate modelling may still be useful for species with broader distributions, as well as under conditions of large changes in climate variables for species with narrow distributions (Kadmon et al. 2003) . In addition, B. goodii is a neo-endemic and is probably in the process of extending its distributional range. The very poor dispersal ability of B. goodii suggests that range extension in this species is extremely slow (see below). were a higher density of weather stations in the region, BIOCLIM would still not be able to predict the potential range of B. goodii because its distribution is unlikely to be currently limited by climatic factors, but rather by dispersal barriers and insufficient time for expansion. This argument could be extended to B. gardneri, which may also be in the process of extending its range. A very thorough assessment of the performance of climate profile models has been undertaken using the distribution of 192 woody species in Israel, a geographic region with similar steep climatic gradients to the SWBP (Kadmon et al. 2003) . Predictably, accuracy tends to increase (and variance decrease) with increasing number of distribution records (or observations), although this is not linear. Species with < 25 observations are most adversely affected, those with 50 observations are accurately modelled, and there is no detectable improvement in accuracy above 100 observations. Based on this factor alone, the B. gardneri model (177 observations) should be more accurate than the B. goodii model (17 observations) (Figure 1) . Interestingly, Kadmon et al. (2003) found that the position of the species niche along a rainfall gradient, from the Mediterranean region to desert, had a negative effect on predictive accuracy. Hence, Mediterranean species are less influenced by climatic conditions than desert species. Any factor preventing a species from utilizing its potential climatic distribution, whether anthropogenic, biotic or dispersal, will lead to poor predictive accuracy (Kadmon et al. 2003) , as concluded here for B. goodii, and B. gardneri to a lesser extent.
The translocation study showed that both species could extend their ranges beyond those predicted by BIOCLIM, and could occupy both much drier and much moister sites. In particular, BIOCLIM was a poor predictor of the potential distribution of B. goodii. It is only at the wettest site, where the plants are presently situated in the open (not under the shade of the typical eucalypt woodland) that they are likely to be excluded by biotic factors, when they eventually become heavily shaded by dense forest canopy. These contrasting results provide a warning to global change scientists reliant on this type of climate modelling. Although clearly of immense value, modelling of species with narrow ranges only provides hypotheses that should be tested where possible with field data. However, although the seedlings and juveniles of these Banksia spp. survived well beyond their native distributions along the gradient, a longer-term perspective is needed, as persistent range extension can only be confirmed if they are able to successfully reproduce. Due to their long juvenile period (Witkowski and Lamont 1997; Dreschler et al. 1999) , the plants in the gradient study have not yet reached reproductive age or size. An added complication is that small B. goodii populations are sterile within their native distribution (see below), despite profuse flowering and being of a similar size and vigour as highly fecund plants from the large populations (Lamont et al. 1993) . Hence the gradient study plants may, in time, be found to be sterile, although not necessarily in response to an unsuitable climate/environment, but due to small population size per se. Overall the gradient study has shown that the environmental tolerances of these banksias are far greater than would be expected, based on present distribution alone, and these broad tolerances are not merely an ability to acclimate. Similar findings for other species are reviewed in Gaston (2003) and Kadmon et al. (2003) . Given these results, it is unlikely that any improvements to BIOCLIM could adequately predict the results obtained from the gradient study.
A general pattern of range limitation in species is the relative importance of abiotic versus biotic limiting factors. The distribution of the majority of species appears to be delimited in one direction by physical stresses and in another by biological stresses (Brown et al. 1996) . In Western Australia the major physical gradient is aridity (Lamont and Connell 1996) . B. goodii and B. gardneri are limited by the aridity barrier to the N and E, and by the biotic barrier of dense shade (taller denser eucalypt forests) to the wetter W and SW of their respective ranges. The two species differ in that B. gardneri is more tolerant of aridity than B. goodii, while the latter may be more tolerant of deep shade. However, considering anticipated climate change over the next 100-200 years in SW Australia (1-2 months reduction in length of the growing season at present rates; extrapolating from Pittock 1988), the difference between the two species is minor. The present small range of the more recently evolved B. goodii (relative to B. gardneri; Thiele and Ladiges 1996) can be explained primarily by evolutionary factors, interacting with biological factors, such as its exceptionally low rate of dispersal (see below). Thus, future changes in distribution are likely to be the result of the interwoven effects of both evolutionary and environmental changes.
The rapid rates of plant dispersal during glacial/ interglacial periods implied by past records (since the beginning of the Holocene; Clark et al. 1998) are far too high to have been produced by traditional notions of life history and dispersal mechanisms (Clark et al. 1998) . Seed dispersal distances of these two prostrate Banksia spp. appear to be very low. Seeds have wings for wind dispersal, but owing to the low heights of cones (< 30 cm above the soil surface), observed dispersal distances have all been < 1 m (unpublished observations), and even under optimal windy conditions are unlikely to exceed 10 m. Typically, long-lived species, which resprout after recurrent fire (or other severe disturbances), such as these banksias, often produce few seeds and seedlings (Witkowski and Lamont 1997) . These banksias are serotinous (canopy seed storage), with seed store peaking 15 years after fire, and declining thereafter (Dreschler et al. 1999 ). Short dispersal distances are exacerbated by (a) low seed production and (b) infrequent dispersal events -seed release from the cones is triggered by fire, usually at a frequency of 8-30 years. Such figures would only allow these species to move 0.2 km over the next 200 years, assuming fires every decade, and a very optimistic distance of 10 m dispersal per fire. A one-month reduction in growing season over that time is equivalent to a distance of 30-100 km (Figure 1 ). The probability of episodic longdistance dispersal to suitable distant sites ) is also extremely low within this highly fragmented landscape. Neither models of leptokurtic dispersal profiles (fat-tailed curves) or nonstandard mechanisms of dispersal (Clarke 1998; Higgins et al. 2003a) , except direct human manipulation, are likely to make any meaningful difference to these estimates due to the exceptionally low levels of seed production and infrequency of seed release. Indeed, migration may even be halted altogether under these conditions (Higgins et al. 2003b) . Hence, the ranges of these banksias are highly likely to be dispersal-limited. Furthermore, the probable sizes and distribution of patches suitable for Banksia seedling establishment (within this now highly disturbed and fragmented landscape) indicates that even this very low rate of spread is probably very optimistic (Bergelson et al. 1993) . In the event of predicted global climate change, these banksias are unlikely to be able to disperse far enough or quickly enough to keep within their present bioclimatic envelopes as defined by their known distributional ranges.
The potential fate of B. gardneri and B. goodii exemplifies that of many plant species with inherent short-distance dispersal. In the event of predicted climate change, and in the absence of human-mediated conservation efforts, B. goodii could become extinct, while B. gardneri would probably suffer a considerable reduction in its range. However, other features of the biology of B. goodii will probably work against extinction. The highly fragmented landscapes of today, with extensive unfavourable habitat barriers to banksia migration, such as sheep pastures and roads, provide an additional and potentially insurmountable challenge. Potential safe sites may be so few and far between that effective natural colonisation and migration will be virtually impossible, because there are too few 'stepping stones'. Little is known about the life spans of resprouting banksias. For the shrubby Banksia attenuata, longevity has been estimated at 300 years and mortality after fire at about 5% (Enright and Lamont 1992) . This species relies on occasional seedling recruitment after fire to replace loss of some pre-fire plants. However, no adult mortality of B. goodii or B. gardneri was evident following several fires. Zero recruitment (from 126 adults) and two recruits (from 144 adults) by four winters after two fires for B. goodii indicates prolonged population stability in the absence of human interference. Zero recruitment of B. gardneri populations was also found (Albany and Mount Barker; unpublished data). In B. goodii, we estimate it takes about 20 years for recruits to become fire-tolerant and start flowering, while fire retards flowering of adults for at least 3 years (Lamont et al. 1993; unpublished) and we expect B. gardneri to be similar. For both species, we recommend a mean fire rotation of 10-15 years, and at regular intervals this should be extended to 15-20 years (Dreschler et al. 1999) on the grounds that this should be sufficient time for seedlings to become fire-tolerant, keep litter in check, and ensure occasional rejuvenation of vegetative growth, while providing sufficient time for seedling establishment and substantial seed set. For B. goodii, longevity is estimated as 400-500 years, based on clump sizes and growth rates (Witkowski and Lamont 1997, Dreschler et al. 1999) , and slightly less for B. gardneri (300-400 years) due to smaller clump sizes and because, unlike B. goodii, it does not reproduce clonally.
Population numbers of B. goodii have decreased over the last 50-60 years due to clearing for agriculture and for roads, resulting in smaller, fragmented populations. Furthermore, habitat fragmentation has itself indirectly affected the reproductive potential of B. goodii (and by comparison almost certainly B. gardneri). Habitat fragmentation has resulted in reduced sexual reproduction in B. goodii. Mean seed production per plant decreases as populations become smaller, the so-called Allee effect (Allee 1949) . Small populations of < 8 plants are sterile, apparently due to inbreeding depression rather than lack of pollinators, despite being as vigorous (vegetative and flower production) as plants from larger populations (Lamont et al. 1993) . Indeed, the Allee effect reduces seed production/plant to some extent in all populations, especially those with < 80 plants. Similar effects are likely in B. gardneri. Hence, in the unlikely event of successful migration to a new site, small founder populations may be sterile or have very low rates of population growth.
Our data show that there was less than a 1 in 500 chance of intact seeds of B. goodii stored on the plant becoming a one year-old seedling after fire, compared with a 1 in 3 chance of manually removed seeds sown at the same location reaching the same stage. Larger B. goodii populations have extremely stable population dynamics (Witkowski and Lamont 1997; Dreschler et al. 1999) , and are likely to persist for long periods. However, small B. goodii populations (and probably B. gardneri as well) resulting from habitat fragmentation, represent examples of 'extinction debt' (Lande 1987; Tilman et al. 1994; McCarthy et al. 1996) . Even in the absence of further land clearing and active planting of seeds/seedlings, these populations will doubtless become extinct eventually. In particular, species with poor dispersal abilities, such as these banksias, may be more susceptible to local extinctions in response to habitat fragmentation. Owing to the almost immortal nature of these banksias, particularly B. goodii, and their apparently much greater climatic tolerances than their present ranges would suggest, it is likely that they will hang on in situ for centuries at their present locations under suboptimal climatic conditions. This might involve a slow decrease in population sizes from one disturbance to the next (sensu the 'storage effect' of lottery models; Warner and Chesson 1985) , even if further 'nibbling away' of the populations (clearing of land for agriculture) is prevented. If in the future, atmospheric CO 2 can be brought under control or reduced, and climate change is reversed, these banksias may be able to persist over the unfavourable period and begin to 'thrive' once again. In summary, as shown by their biology and the gradient study, B. goodii and B. gardneri are long-term persisters, and resilience to marked climatic change is already built into these species, decreasing the imperative to migrate.
CONCLUSIONS
For B. goodii and B. gardneri, the major obstacle to persistence is clearing of land for agriculture and roads, which leads to habitat fragmentation, and reduction in routes for plants to migrate along in the event of climate change. Short-distance seed dispersal in these prostrate species will result in rates of migration far too slow to keep up with the predicted movement of the climatic envelope. This may be a general rule for taxa with short-distance dispersal. Despite the fact that B. gardneri has 177 populations, > 10 times more than B. goodii, they have the same distribution of population sizes. This suggests that habitat fragmentation has had similar effects on both species. Furthermore, without meaningful conservation outside nature reserves, the intervening areas between nature reserves will not sustain these species. As shown for these banksia species, land-use change is now, and for some decades will probably remain, the single most important of the many interacting components of global change affecting ecological systems. Resilience to marked climatic change is already built into these species, decreasing the imperative to migrate. Historically, ecology has concentrated on small-scale studies, but in order to determine the responses of species to potential future climate change, large-scale studies, as shown by the translocations experiment here, are needed to adequately and reliably make predictions (Gaston 2003) . The gradient study has provided a very useful contrast to the typical, often depressing, results of bioclimatic simulations in response to predicted future climate change. This contrast begs the question of how many other species show similar resilience to climate change as these Banksia spp. In addition, can one develop an a priori predictive model that could determine whether a species is 'resilient' to climate change?
